1. Introduction {#s0005}
===============

Currently, nanoscience and nanotechnology have attracted great attention; it is because nanomaterials exhibit fascinating properties arising from their small scale. Particularly, iron oxide (IO) nanoparticles (NPs) are a focus of interest because of their potential applications in environmental remediation and biomedicine ([@b0040], [@b0045], [@b0050], [@b0075]). Specific environmental applications of IO-NPs are arsenic removal technologies ([@b0055], [@b0125]), and Fenton-like catalysts for the degradation of aqueous organic solutes ([@b0015], [@b0165]). Iron is an essential element for living organism and is the fourth most common element in the Earth's crust. However, due to the release of engineered IO-NPs to the environment, they may affect the functions of ecosystems.

Plants are an important component of ecosystems and can be used for the evaluation of overall fate, transport and exposure pathways of NPs in the environment ([@b0020], [@b0180]). A few works have reported the effects of IO-NPs on the germination and growth of plants. For example, it has been reported that daily additions of Fe~3~O~4~-NPs in the presence of static magnetic fields, increased the growth of *Zea mayz* and the levels of chlorophyll ([@b0120]). Increased chlorophyll levels have also been reported in soybean seedlings treated with 9 nm Fe~3~O~4~-NPs applied in a concentration based on iron concentration needed for plant growth; no trace of toxicity but translocation into soy bean stems was reported ([@b0110]). Furthermore, it has been found that aqueous suspensions of Fe~3~O~4~-NPs can be translocated throughout pumpkin plant tissues and accumulated into the roots and leaves ([@b0180]).

Additionally, the biological effects of 9 and 18 nm γ-Fe~2~O~3~-NPs towards watermelon seedlings have been evaluated; it was found that the treatments with NPs increased different biological indicators such as seed germination, seedling growth, and larger activities of catalase, peroxidase (POD) and superoxide dismutase (SOD) were reported ([@b0085]). Otherwise, the phytotoxicity of Fe~2~O~3~-NPs of 20--40 nm in concentrations from 0 to 5 g/L was evaluated for lettuce, radish and cucumber seeds, where no significant phytotoxic effects were reported ([@b0160]). In addition, the phytotoxicity of 6 nm γ-Fe~2~O~3~-NPs in concentrations from 0 to 2 g/L on rice plants has been reported; a significantly higher root elongation in treated plants with respect to the control was found ([@b0005]). It was concluded that the phytotoxicity of γ-Fe~2~O~3~-NPs is small and even lower than the phytotoxicity of bulk γ-Fe~2~O~3~ ([@b0005]). In a very recent work, the response of transgenic and conventional rice to γ-Fe~2~O~3~-NPs was studied ([@b0065]). It was found that upon exposure to γ-Fe~2~O~3~-NPs, the activities of SOD and POD of transgenic rice were notably higher than the control; otherwise, in non-transgenic rice, their activities varied slightly but not significantly among treatments ([@b0065]).

It has been shown that IO-NPs (Fe~3~O~4~ and γ-Fe~2~O~3~) could affect positively different plant growth performance indicators such as root and stem elongation, increased chlorophyll levels, and larger activities of catalase, POD and SOD. Thus the use of IO-NPs opens a wide range of possibilities in plant research and agronomy ([@b0060]). However, to the best of our knowledge, any work has been reported for the evaluation of the effects of other IO-NPs on the growth of plants. Hematite (α-Fe~2~O~3~) and ferrihydrite (5Fe~2~O~3~·9H~2~O) NPs were selected here because these engineered NPs are widely applied in environmental remediation of water and soils. It is important to mention that hematite is the most stable iron oxide polymorph, and ferrihydrite is a metastable poorly crystallized phase which occurs in natural media in form of NPs ([@b0080], [@b0130]). In addition, despite metastability of ferrihydrite, in natural environments, the presence of soluble silicate species and organic matter inhibits its transformation to more crystalline IOs. Naturally occurring ferrihydrite NPs have been detected in a great variety of agriculturally productive terrains such as loess, peat bog, and paddy fields ([@b0080]).

Given the importance of both hematite and ferrihydrite NPs, it is imperative to study their effects on the growth of different plants. For this study, maize was selected because it constitutes a staple food in many regions of the world, especially in Mexico, where maize is a central ingredient in Mexican food. The aim of this work is to study the effects of engineered hematite and ferrihydrite NPs on different biological indicators, their uptake, and translocation on maize seedlings.

2. Experimental details {#s0010}
=======================

2.1. Synthesis and characterization of IO-NPs {#s0015}
---------------------------------------------

All chemicals were of analytical grade and used as received without further purification. The 2-line ferrihydrite NPs were prepared following a slightly modified reported procedure [@b0130]. Firstly, under constant stirring, 6 mL of 6.0 M NaOH was added to 100 mL of 0.3 M FeCl~3~. In order to reach a pH of 8.0, some drops of 1.0 M NaOH were added to the reaction media. Once obtaining the ferrihydrite NPs, they were washed several times with deionized water and dried at room temperature (RT) for 48 h. For the preparation of the hematite NPs, the suspension of freshly prepared ferrihydrite NPs was stirred for 10 min. After that, 0.16 g of FeSO~4~·7H~2~O (atomic ratio of Fe(II)/Fe(III) = 0.02) was added, this decreased the pH to 6.5, then the reaction medium was carefully adjusted to pH 9.0 with 1.0 M NaOH. Subsequently, 5 mL of a pH buffer of 1 M NaHCO~3~ was added. The reaction was stirred at 95 °C for 120 min; it yielded hematite NPs, which were washed by the same procedure described above and dried at RT for 48 h.

The structural properties of the synthesized powders were studied by X-ray diffraction (XRD) and transmission electron microscopy (TEM). For XRD, a Philips diffractometer X'Pert with the Cu(Kα) radiation in a 2-*θ* range of 20--80° was used. For the TEM analyses, samples were prepared by dispersing the NPs in ethanol; this dispersion was dropped onto 300 mesh holey lacey carbon grids and observed in a FEI Titan microscope operated at 300 kV.

2.2. Seed germination and early growth {#s0020}
--------------------------------------

Maize (*Z. Mays*) seeds were donated by the Antonio Narro Agrarian Autonomous University, Saltillo, Mexico. In order to evaluate the effects of IO-NPs on germination of maize, the seeds were washed with deionized water (DIW) and placed at 4 °C before experiments. Furthermore, the suspensions of IO-NPs were prepared by ultrasonicating different amounts of ferrihydrite and hematite in DIW for 30 min ([@b0090]); it yielded suspensions of 1, 2, 4 and 6 g/L, which were used as treatments. After this, the seeds were submerged for 1 h in the suspensions of IO-NPs, and subsequently 10 seeds were placed on sterile paper in Petri dishes along with 10 mL of the respective suspension. For the control, only distilled water was added to the Petri dishes ([@b0150]). The seeds were germinated in covered Petri dishes for 4 days in a growth chamber at 23 °C in a dark place. The seeds were considered as germinated when the radicle showed at least 2 mm in length ([@b0150]).

After germination, the maize seedlings were transferred onto sterile paper on new Petri dishes, and 20 mL of suspensions of IO-NPs at the concentrations mentioned above were added. In order to satisfy the nutrient requirements of the seedlings, along with the NPs, an adequate hydroponic nutrient solution for maize was used ([@b0140]). For the control, only DIW and nutrient solution was added to the Petri dishes. The seedlings were grown for 12 days in a growth chamber at RT, 65% relative humidity, 16/8 light/dark photoperiod, and irrigated with DIW daily. For statistical purposes, each treatment was replicated three times.

After 12 days of growth, the chlorophyll content index (CCI) was measured on the second fully expanded leaf on the top of the main stem of each seedling using an Opti-Sciences CCM-200 chlorophyll meter. The CCI is based on absorbance measurements at 660 and 940 nm, which is proportional to the concentration of chlorophyll. CCI data were recorded at three positions along the length of the leaf and averaged as a single value. Subsequently, the seedlings were washed with DIW three times, and the length of roots, stems, and leaves were measured. In order to evaluate the dry biomass of roots, stems and leaves, they were dried in an incubator at 60 °C for 72 h ([@b0135], [@b0155]).

2.3. Microscopic evidence of uptake of hematite and ferrihydrite NPs {#s0025}
--------------------------------------------------------------------

3D microscopic techniques were employed for the observation of plant tissues treated with the IO-NPs and the control. For the observations, two stems were randomly selected from specimens treated with suspensions of hematite and ferrihydrite (6 g/L) and the control. The samples were treated according to previous literature ([@b0060]). Stems sections were perfectly immersed in the fixative, which consisted of 5 mL of formaldehyde, 5 mL of acetic acid, and 90 mL of 70/30 (v/v) ethanol/DIW. For paraffin embedding, the samples were dehydrated at RT using a graded ethanol series (50%, 60%, 70%, 85%, 96%, and twice at 100% (v/v) ethanol/DIW) with 30 min exposure at each step. Subsequently, the samples were treated in xylene/ethanol (3/1, 1/1, 1/3, and twice in pure xylene for 2 h in each treatment). After that, the samples were stored in xylene/paraffin at 30 °C for 24 h, after this step, more paraffin was added (saturation) at 55 °C. Finally, the xylene/paraffin mixture was decanted, and the samples were transferred to flat embedding molds. After 24 h, transversal and longitudinal cuts with a thickness of 15 μm were done in a microtome. Before microscope observations, the paraffin was removed from the tissues with xylene/alcohol (95%, 85%, 70%, 60%, and 50% v/v) washes for 10 min, and rehydrated with DIW for 1 h. Finally, the samples were dried at RT for 24 h and mounted in Canada balsam.

Sections were examined in a confocal laser-scanning microscope Leica TCS SP8, where the confocal setup is based on a DMI6000 inverted microscope. An excitation and emission spectral study was done with lasers of 405, 488, 528, and 635 nm. The auto-florescence of plant tissues was excited with the 488 nm laser and the emission was collected in the range of 509--557 nm, which represents the green color on the micrographs. The presence of hematite and ferrihydrite NPs was detected by reflection of the 635 nm laser and the reflected signal was collected in the range of 635--650 nm.

Moreover, the iron concentration was determined in maize leaves. For this, 1.0 g of the dry leaves was digested with 16 mL of 6/2 v/v HNO~3~/H~2~O~2~ for 2 h at 120 °C ([@b0115]). Then 10 mL of DIW was added. After cooling, 10 mL of DIW was added and mixed. The residue was filtered through filter paper and diluted to 50 mL with DIW. The iron concentrations were determined by the inductively coupled plasma/emission spectroscopy (ICP-MS-Thermo elemental IRIS-Intrepid II).

2.4. Statistical analysis {#s0030}
-------------------------

One-way analysis of variance (ANOVA) and Fisher LSD multiple range tests with a significance level of 95% (*p* \< 0.05) were used to determinate statistical differences between treatments. All statistical analyzes were performed using the Statistica 8.0 software package.

3. Results and discussion {#s0035}
=========================

3.1. Characterization of NPs {#s0040}
----------------------------

Both ferrihydrite and hematite NPs were prepared by green synthesis methods, because instead of toxic organic solvents, water was utilized as an environmentally benign solvent. [Fig. 1](#f0005){ref-type="fig"}(a) shows the XRD pattern of the synthetized hematite NPs. The XRD pattern of the sample was indexed to the rhombohedral structure of hematite JCPDS card No. 89-598 (see vertical lines). The average crystallite size obtained by Rietveld refinement was of 100 nm. [Fig. 1](#f0005){ref-type="fig"}(b) shows the TEM images of the hematite NPs, it displays some particles of *ca*. 100 nm with an ovoid and rounded shape. [Fig. 1](#f0005){ref-type="fig"}(c) shows a HR-TEM image in the border of a hematite particle where the lattice fringes are clearly seen, the FFT image shown in the inset displays spot patterns corresponding to the (1 0 4), and (1 1 3) crystal planes of hematite. [Fig. 2](#f0010){ref-type="fig"}(a) shows the XRD pattern of the synthetized ferrihydrite NPs. It can be observed that ferrihydrite exhibits two wide peaks centered at *ca*. 35 and 62 2-*θ* degrees, similar XRD patterns have been reported for 2-line ferrihydrite ([@b0095], [@b0130]). [Fig. 2](#f0010){ref-type="fig"}(b) and (c) shows the TEM images of the ferrihydrite NPs; they display clusters of strongly aggregated particles of *ca*. 3 nm.Figure 1Structural characterization of the hematite NPs. (a) XRD pattern indexed to the rhombohedral structure of hematite JCPDS card No. 89-598 (vertical lines). (b) TEM micrograph of hematite NPs. (c) HR-TEM image of the lattice fringes of a hematite NP, the inset shows the FFT image showing the spot pattern indexed to the crystal planes of the hematite structure.Figure 2Structural characterization of the ferrihydrite NPs. (a) XRD pattern of the sample exhibiting a typical pattern of 2-line ferrihydrite. (b, c) TEM micrographs of clusters of ferrihydrite NPs.

3.2. Germination and seedling growth of maize {#s0045}
---------------------------------------------

The effect of hematite and ferrihydrite on the germination of maize seeds is shown in [Fig. 3](#f0015){ref-type="fig"}(a). As seen in the figure, at the evaluated concentrations of both hematite and ferrihydrite, none of the treatments affected the seed germination % with respect to the control (*p* ⩾ 0.11). Nevertheless, it can be observed that the germination % increased slightly with the ferrihydrite NP treatments. In the literature, different impacts of IO-NPs on germination % have been reported, which depend on different factors such as the type of plant, the iron oxide polymorph, the size of the NPs, and the concentration of the NPs in each application. For example, it has been reported that the germination % of Chinese mung bean decreased by the application of maghemite NPs in a concentration of 10 mg/L ([@b0070]). On the other hand, using magnetite treatments in a concentration of 116 mg/L on cucumber and lettuce seeds, a decrease of germination % was reported ([@b0010]). Despite this, to the best of our knowledge, the mechanism of interaction between the IO-NPs and seeds during germination has not been elucidated.Figure 3(a) Germination percentage of maize seeds treated with hematite (H), ferrihydrite (F), and the control (C). (b) Chlorophyll content index in seedlings treated with hematite (H), ferrihydrite (F), and the control (C). The numbers next to H and F indicate the concentration of the NPs in the treatment in g/L. ^∗^Stands for statistical differences with respect to the control (*p* ⩽ 0.05).

The chlorophyll content index in seedlings treated with hematite, ferrihydrite, and the control is presented in [Fig. 3](#f0015){ref-type="fig"}(b). For most of the treatments, the CCI is not strongly affected with respect to the control (*p* ⩾ 0.057); except for the 2 g/L ferrihydrite treatment which is 18% higher compared with the control (*p* = 0.048). Similar results have been reported in watermelon ([@b0085]) and Chinese mung bean ([@b0070]) treated with magnetite NPs of 9 and 18 nm, where the chlorophyll content compared to control was not significantly affected. Nevertheless, they found increments lower than 10% of chlorophyll content with respect to their controls. Additionally, in lettuce plants treated with core--shell Fe/Fe~3~O~4~ NPs in a 10 mg/L treatment, the chlorophyll content increased with respect to the control by 12% ([@b0145]).

[Fig. 4](#f0020){ref-type="fig"} shows different parameters that indicate the growth of plants treated with the IO-NPs suspensions. Hematite at a concentration of 1, 2, and 4 g/L increased the root's length by 73%, 67%, and 63%, in relation to the control (*p* ⩽ 0.0001). Otherwise, for ferrihydrite at 1, 2, 4, and 6 g/L increased the root's length by 55%, 54%, 39%, and 29% in relation to the control (*p* ⩽ 0.03). Additionally, the length of both stems and leaves increased in most of the hematite and ferrihydrite treatments in relation to the control. However, despite root's length exhibiting a trend (higher concentrations of NPs promoted lower increases of roots length), no trends were observed in the stem and leaves length. The highest values of stems and leaves length were observed with treatments with ferrihydrite NPs at 4 g/L, which increased 30% and 35% in relation to the control (*p* ⩽ 0.0005), respectively ([Fig. 4](#f0020){ref-type="fig"}b and c).Figure 4Length (a--c) and mass (d--f) of roots, stems and leaves of maize seedlings treated with hematite (H), ferrihydrite (F), and the control (C). The numbers next to H and F indicate the concentration of the NPs in the treatment in g/L. ^∗^Stands for statistical differences with respect to the control (*p* ⩽ 0.05).

Dry weight of roots, stems and leaves behave in a similar way to their corresponding lengths, see [Fig. 4](#f0020){ref-type="fig"}(d--f). The highest root mass was found in the hematite treatment (4 g/L) which increased 23% in relation to the control (*p* = 0.06). Otherwise, for both stems and leaves mass, the highest values were found in the ferrihydrite treatment (4 g/L), by 36%, and 83%, respectively, in relation to the control (*p* ⩽ 0.03). Furthermore, for the hematite treatment at 6 g/L reduced root mass by 18% in relation to the control (*p* = 0.14) was observed, which is the sole value that shows a reduction in relation to the control for all the treatments with IO-NPs.

Biological indicators of toxicity or stress in plants such as reduction of chlorophyll content, and inhibition of plant growth were not observed in this work with hematite and ferrihydrite NP treatments at very high concentrations. In contrast, the treatments applied here increased the growth of maize and the chlorophyll content. Similar results have been observed in previous works using magnetite and maghemite NPs ([@b0005], [@b0085]).

3.3. Microscopic evidence of translocation of IO-NPs in maize stems {#s0050}
-------------------------------------------------------------------

The possibility of entry and translocation of hematite and ferrihydrite NPs in maize stems was studied by 3D microscopic techniques. [Fig. 5](#f0025){ref-type="fig"} shows transversal and longitudinal cuts of maize stems treated with hematite NPs, ferrihydrite NPs and the control. In the micrographs, the green color represents the autofluorescence of plants tissues, while the red color represents the aggregates of either hematite or ferrihydrite NPs.Figure 53D micrographs of transversal (on top) and longitudinal (on bottom) cuts of maize stems treated with the control (a, b), hematite NPs (c, d), and ferrihydrite NPs (e, f). The scale bars represent 30 μm.

[Fig. 5](#f0025){ref-type="fig"}(a and b) shows the transversal and longitudinal maize stem cuts of the control treatment, these micrographs show the tissue of maize stems in green, and the absence of red dots was confirmed in different cuts. In contrast, for maize seedlings treated with ferrihydrite and hematite NPs, the transversal and longitudinal stems cuts shown in [Fig. 5](#f0025){ref-type="fig"}(c--f), red particles of different sizes are observed inside the endodermis and vascular bundles. These red particles were assigned to clusters of either hematite or ferrihydrite NPs, the sizes of these agglomerates ranges from 0.6 to 2 μm. Thus, the micrographs shown in [Fig. 5](#f0025){ref-type="fig"}(c--f) reveal that the IO-NPs have been translocated into maize stems treated with hematite and ferrihydrite NPs.

The clusters of hematite and ferrihydrite NPs displayed in [Fig. 5](#f0025){ref-type="fig"}(c--f) are located in xylem and phloem vessels, and in cell walls of xylem vessels. Moreover, longitudinal sections displayed reveal that the IO-NPs are transported through both the apoplastic pathway to the endodermis and the symplastic pathway to the vascular system ([Fig. 5](#f0025){ref-type="fig"}d and f). Similar results have been reported for the uptake and translocation of ZnO NPs in maize seedlings ([@b0175]).

In addition to the microscopic evidence of translocation of IO-NPs in maize stems, the iron content in maize leaves was determined. [Fig. 6](#f0030){ref-type="fig"} shows the iron concentrations of maize leaves treated with different concentrations of hematite NPs, ferrihydrite NPs and the control. In all the hematite and ferrihydrite NP treatments showed increased concentrations of iron in leaves compared to the control. However, the ferrihydrite treatments exhibited higher concentrations than the hematite treatments at the same concentration. For example, the treatments with a concentration of 6 g/L of both hematite and ferrihydrite NPs increased the iron content in leaves by 76% and 127%, respectively, compared to the control. It means that the ferrihydrite NPs are taken by maize roots, travel through the stem and are accumulated in leaves in a major extend than hematite NPs. These results suggest that clusters of IO-NPs were absorbed by root tip cells, subsequently, the IO-NPs were internalized into cells walls, embedded by new cells, later, they enter into the vascular system, and are accumulated in maize leaves ([@b0105]). This transportation system could be the way that IO-NPs aggregates take into the maize seedling.Figure 6Effects of hematite (H) and ferrihydrite (F) NPs on iron uptake by maize seedlings. The numbers next to H and F indicate the concentration of the NPs in the treatment in g/L. ^∗^Stands for statistical differences with respect to the control (*p* ⩽ 0.05).

Iron constitutes an essential element for the optimal growth of plants, as well as their biomass and fruit production ([@b0035]). Iron plays an important role for the structure and/or function of the photosynthetic electron transfer chain ([@b0030]). Additionally, the photosynthetic efficiency, the structure and function of the photosynthetic apparatus are heavily iron-dependent, directly or indirectly via the porphyrin biosynthesis pathway ([@b0030]). It has been reported that iron deficiency leads to a decrease in the chlorophyll concentration, which affects the photosynthetic metabolism and the development of plants ([@b0035], [@b0025]). In contrast, iron excess may cause oxidative stress ([@b0035]). In this way, intracellular iron homeostasis is very important, where phytoferritin plays a crucial role. This protein storages iron into its nanocage in the form of iron minerals such as ferrihydrite of 5--10 nm in size ([@b0130]). It is well known that phytoferritin is of great importance in seed germination. During this process, phytoferritin is degraded and releases iron, it promotes the generation of hydroxyl ions that destroys the protein layer of the seed ([@b0100], [@b0170]).

It was shown that engineered hematite and ferrihydrite NPs were translocated into maize stems, and these NPs do not negatively affect both the development of maize seedlings and the germination of maize seeds. It can be assumed that the IO-NPs translocated in the plants act as phytoferritin cores, where they are not completely dissolved and may work as iron suppliers. Thus, it is suggested that the iron supplied by the engineered IO-NPs influence the biosynthesis of chlorophyll and promotes better biomass yields. Given the role of iron in the germination and development of plants, and that a controlled addition of the engineered IO-NPs may improve the growth of plants. It can be concluded that the IO-NPs may act as iron source for plants and to be used as fertilizers.

4. Conclusions {#s0055}
==============

Biological indicators of toxicity or stress in maize seedlings were not observed in treatments with engineered hematite and ferrihydrite NPs. In contrast, the NP treatments increased the growth of maize and the chlorophyll content. Similar results have been observed in previous works using other engineered IO-NPs such as magnetite and maghemite NPs. Although very high concentrations of hematite NPs (6 g/L) induced very small inhibitory effects on germination and chlorophyll content, all the ferrihydrite treatments showed increased biological indicators. These could be expected because a great variety of agriculturally productive terrains contains naturally occurring ferrihydrite NPs, which may contribute as iron source for plants growth. On the other hand, the translocation of engineered hematite and ferrihydrite NPs into maize stems was shown by 3D microscopic techniques. Clusters of hematite and ferrihydrite NPs were found in endodermis, xylem, phloem vessels, and cell walls of the xylem vessels of maize stems. This study highlights the importance of IO-NPs on germination and seedling growth of maize. However, more studies are necessary, such as the role of both natural and engineered NPs and their effects on other kinds of plants.
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